Abstract: Microstructural changes in concrete, mortar, and cementitious composite material were investigated to determine the efficacy of these materials subjected to shock loading. An experimental methodology with the ability to generate reproducible shock waves of specified blast pressure and decay time was used to perform repeatable experiments in the range of trinitrotoluene (TNT) explosion that is unsafe for concrete columns as specified in the FEMA (Federal Emergency Management Agency) guidelines (38 kg TNT at 3.7 m). The changes in the pore volume fraction of the samples before and after shock loading were used to determine the efficacy of the materials subjected to shock loading. The study reveals that even though percentage increase in pore volume fraction before and after shock loading is highest for cementitious materials, its absolute value is low compared to that of control samples, thereby justifying the better performance of cementitious composite materials. Moreover, the size of the pores is also observed to be lower for cementitious composite samples compared to those of the and concrete samples after shock loading in comparison to the control materials in the study. The reason for the better performance of cementitious composite materials can be attributed to an increase in tensile ductility of the sample as a result of fiber addition. Apart from development of a new cementitious material for blast load mitigation, the study also demonstrates the need to consider pore size distribution in equations relating pore volume fraction to strength.
Introduction
Concrete and other cementitious materials (demonstrating good strength and ductility properties in compression but weak tensile strength and ductility) are used widely in both civilian and defense infrastructures, primarily because of their high compressive strength, low cost, and ability to withstand impact loads from projectiles. Structures composed of these materials may be subjected to bomb attacks due to terrorists or in battlefields. Many such incidents of destruction of civilian structures resulting in severe casualties to human life and property have been reported in the wake of increased terrorist activities throughout the world in recent times (e.g., the Alfred P. Murray Building). There is obviously a need to understand the behavior of these materials under blast loading with a long-term objective of developing suitable blast-resistant materials that can be used for infrastructure applications.
There are numerous experimental studies in literature that show the global behavior of concrete structures or structural components subjected to explosive loads. Reinforced concrete columns or bridge piers have been subjected to field explosive loads to observe their behavior under blast loading (Bao and Li 2010; Fujikura and Bruneau 2011; Williamson et al. 2011 ). Performances of concretefilled steel tubes have been compared against seismically resistant bridge piers to demonstrate that seismic mitigation does not make the structural component safe against blast (Fujikura et al. 2008) .
Concrete slabs have also been tested under field explosive loads to determine their performances (Lok and Xiao 1999; Schenker et al. 2008 ). An entire building (10 stories) was also numerically tested by several researchers under blast loads (Saatcioglu et al. 2009 ). However, these studies typically concentrate on the final deflection or residual strength of the structural components or the entire structure subjected to blast loads. The deflections or residual strengths are typically manifestations of global damage to the structure or its components. In order to prevent this damage to the structure or structural component, different methodologies have been prescribed by different research groups, such as the use of steel fiber reinforcements along with self-consolidating concrete (Burrell et al. 2015) , fiber-reinforced composites (Pantelides et al. 2014) , sacrificial materials like aluminum foam (Schenker et al. 2008) , or external retrofitting with fiber-reinforced polymer layers (Ha et al. 2011; Wu et al. 2009 ). However, these developments of methodologies for blast resistance of concrete structures or components are not based upon a systematic study of physics of the material under shock loading. It appears that the concepts are typically based on incorporation of some well-known practices for blast mitigation in other domains of engineering, such as the use of foams, sacrificial covers, and sandwich-type construction in the naval and aerospace sectors. Some of the research mentioned previously used embedded fibers in the concrete or cementitious mix-which may 1 Ph.D. Research Scholar, Dept. of Civil Engineering, Indian Institute of Technology Kharagpur, Kharagpur, West Bengal 721302, India. Email: sutapadeb@iitkgp.ac.in have been motivated by reported beneficial properties of embedded fibers to prevent crack propagation. Most of this experimental research typically identifies one structural component to impart a blast load on the component [e.g., bridge piers in Fujikura and Bruneau (2011) , bridge columns in Williamson et al. (2011) , slabs in Silva and Lu (2009)] .
The response behavior observed under explosion for structural components may not be the behavior of the same structural component when integrated with the full structure. Typically, when the structural component is not integrated with the main structure, it is comparatively lightweight compared to the entire structure, which in turn affects the fluid-structure interaction response, as well as its natural time period. The blast response of the structural component is typically determined by the impulse transmitted by the applied load rather than just the peak load intensity. In order to calculate the impulse rather than just the peak load intensity, one needs to know the pulse duration. The response of a structure or component is determined by the ratio of the pulse duration to that of the natural time period of the structure or component (Kappos 2001) . There is a significant difference between the time period of a structural component and the time period of an entire structure containing the structural component. Pressure impulse diagrams (Karlos and Solomon 2013) demonstrate how the severity of the load changes with the ratio of the pulse duration to that of the natural time period of the system. Therefore, without resorting to determination of the blast response of the structural component or the entire structure, it is necessary to develop a proper understanding of the physics of the material under shock loading situations, which has been addressed in this manuscript.
Most the previously mentioned studies on blast loading of concrete structures or components rely on the use of explosives. The use of explosives for tests on air-blast loading of structures or components has its advantages as well as disadvantages. It should be understood that the process of explosion results in a sudden increase in pressure as well as temperature. Even though the pressure generated due to an explosion can be easily measured, temperature cannot be easily measured accurately, which is of importance for near-field events. Quite recently, three-color optical pyrometry assisted by qualitative spectroscopy has been developed for determination of fireball temperatures generated in an explosion (Goroshin et al. 2006 ). This new optical pyrometry methodology is yet to be implemented successfully for explosive loading test of concrete structures or components. It should be understood that in an explosion, the temperature rise results in changes to the air medium, and that is why the measurement of temperature for explosions (which typically involve a fireball) is difficult. A detailed treatise on the changes in air medium under shock loading can be obtained from the literature (Ghoshal and Mitra 2015; . It should also be realized that changes in the air medium amount to significant increases in transmitted impulse to the structure. In this regard, it should be pointed out that experiments on blast loading with explosives should also report the initial pressure and temperature at which the test was carried out. Moreover, it should be understood that experimental field investigations of explosion-induced shock loads on structures result in the formation of electromagnetic radiation, which may interfere with the measuring devices and their associated electronics, thereby raising questions with regards to the reliability of the acquired results from the tests. Visualization using digital image correlation (DIC) or other noncontact methodologies for determination of strain is also impaired due to vibrations induced from explosions. It has also been reported that pressure on a structure changes based on the shape of the charge. Therefore, given the previous considerations, readers should understand that results obtained from field tests with explosives are not only subject to wide variations but also difficult to reproduce (a criterion that is very important for material characterization under any applied loading conditions). Experimental tests using shock tubes do not suffer from the issue of reproducibility compared to field explosion tests. However, shock tube results cannot recreate the effects associated with increase in temperature due to the effects of radiation and heat released from the combustion of the explosive material in a real explosion. Usually, the effect of this heating (or increase in temperature) is ignored in a shock tube setup because the pressure and decay times for which blast experiments are conducted correspond to a far-field explosion scenario. At such distances and timescales (far-field explosion scenarios), it is quite plausible to assume that the sample would not be heated up as a result of the explosion. Therefore, given the ability to reproduce the results, shock tube tests can be a suitable alternative real explosive field tests. There have been previous studies on shock tube testing of structural components to simulate real explosive field tests. Shock tubes have been used to apply blast loads to various structural components, such as concrete slabs (Toutlemonde et al. 1995) , as well as steel fiber-reinforced columns for use in bridge piers (Burrell et al. 2015) . However, in these shock tube investigations, the entire structural response was the main focus of the study, without much detailed investigation as to what happened at the microstructure level so as to explain the physics of shock waves though concrete materials. The physics of shock waves through concrete and other cementitious materials are addressed in this manuscript.
Shock tubes were calibrated so as to produce blast waves of the desired pressure pulse and decay time. Typically, pressure pulse and decay time (which are controlled for shock tube test setups) are calibrated against charge weights [expressed in Trinitrotoluene (TNT) equivalents] and stand-off distances (in meters) using some common empirical equations (Friedlander's curve determining approximate peak overpressure and decay time).
In order to assess the structural health of the concrete or cementitious sample materials, micro computed tomography (MicroCT) investigations were carried out to determine the three-dimensional pore volume and pore size distribution in the samples before and after the test. The detailed changes obtained are reported in this manuscript. Extensive literature exists that demonstrates that porosity in a sample can estimate the strength. One of the first studies in this regard (Popovics 1973) demonstrated that the modulus of elasticity for compressive strength is related to that of porosity in the sample. Eventually, numerous relationships were developed between strength and porosity for concrete materials (Lian et al. 2011; Popovics 1985; Powers 1958) . Apart from experimental investigations in this field to develop empirical relationships, there have also been some theoretical approaches (Schiller 1971) . Excellent reviews of the effect of porosity on the strength of concrete can be obtained from Kendall et al. (1983) , Kumar and Bhattacharjee (2003) , and Li and Aubertin (2003) . There are also generalized relationships linking porosity with strength for other different types of ceramic materials (Balshin 1949; Hasselman 1969; Ryshkewitch 1953) . One of the recent papers in this area is by Chen et al. (2013) , in which various established empirical relations between porosity and strength (compressive, flexure, and tensile) were evaluated and compared for the case of cement mortars. However, porosity evaluated in these previous studies (with an objective of developing an empirical relation between porosity and strength) considers porosity only as a pore volume fraction for the sample without regard to the size distribution of the pores. However, both of these features (pore volume fraction and pore size distribution) of the pore might influence the mechanical characteristics of the sample.
Experimental Program

Material Design
Three different types of samples were considered in this study: normal M40 plain concrete, cement mortar (both of which are control samples), and a cementitious composite with polypropylene fiber (Deb et al. 2018) . Because the objective of the study is to understand the behavior of cementitious materials under shock loads, reinforcements were not considered as the part of this study.
Physical and Chemical Properties of Different Types of Materials
Ordinary portland cement (OPC) of 53 grade conforming to IS 12269 (BIS 1987) used in the cementitious composite, conventional concrete, and mortar mix has the physical properties shown in Table 1 .
The fly ash conforming to IS 3812 (BIS 2003) used in the cementitious composite and conventional concrete mix has the properties shown in Table 1 . Another ultrafine pozzolanic material (apart from fly ash) that was added to the cementitious composite mix is silica fume (properties shown in Table 1 ) with spherical particles less than 1 micrometer in diameter, with an average being about 0.15 micrometers. The oxide composition of cement, fly ash, and silica fume estimated by X-ray fluorescence spectroscopy is shown in Table 2 . As per Indian Roads Congress (IRC): SP: 46 (IRC 2013) and ACI 226 (ACI 1987) , the percentage by volume of fly ash was kept to around 35% of the OPC cement in this study. As per ACI 234R (ACI 2006) , the percentage by weight of silica fume was kept to around 15% of the OPC cement in this study.
Ultrafine sand (specific gravity ¼ 2.66) with a particle size less than 150 micrometers was used as a component of the cementitious composite mix only. The ultrafine sand was made with the help of a sand crusher in the laboratory from normal river sand. The proportion of sand to binder material (cement þ pozzolanic materials like fly ash and silica fume) was kept as 0.1 by weight in this study. In this regard, previous literature prescribes a sand-to-cement ratio of 0.5 or lower (Li and Kanda 1998) and sand-to-binder ratio of 0.3 (Pan et al. 2015) . Ultrafine sand was used per specifications for manufacture of strain-hardening cementitious mortars, which are known to act as a good filler material. Polycarboxylate ether-based super plasticizer was added in the mix to maintain the consistency level (slump value ¼ 150-175 mm), with a specified water:cementitious material ratio of 0.3. A viscosity-modifying agent (VMA) was used to maintain the viscosity of the green cementitious mix such that proper dispersion of the fibers was ensured. The amounts of VMA and superplasticizer used (0.5% of total cementitious material) were negligible compared to the volume or weight of the other components in the mix.
The cement mortar, per IS 4031-Part 6 (BIS 1988), fabricated as part of the study did not contain coarse aggregates. The standard sand (Ennore Sand), per IS 650 (BIS 1991), was taken as a combination of three different grades (Grades I, II, and III) in equal proportions. The ratio of cement to standard sand was 1∶3. The properties of the cement considered for this manufacture were similar to those used for the concrete. No fly ash or superplasticizer were used for this sample manufacture. For the control concrete sample, the ratio of binder content:fine aggregate (river sand, zone 2):coarse aggregate (10-mm single sized) was taken as 1∶2∶2 with a water:cement (w∶c) ratio of 0.3. The previously specified ratio was taken per ACI 318 [(ACI 1977) ] to maintain a characteristic compressive strength of 40 MPa. The binder material included cement and fly ash (pozzolanic material) with a fly ashto-cement ratio of 0.5. The ratio of coarse aggregates taken for the mix was around 2.8 times that of cement by weight. It was ensured that the compressive strengths of the three different samples manufactured were around M40 grade (40 AE 6 MPa) prior to conducting the tests reported in this study. A plot of direct tensile test of the samples (Fig. 1 ) reveals significant improvement in tensile ductility of the cementitious sample compared to that of the concrete and cement mortar samples. It is expected that the increase in tensile ductility of the cementitious sample will lead to improvements in blast mitigation strategy, which was proved in this study.
Methodology for Mixing Procedure of Different Materials Used in This Study
The methodology used for mixing the cement composite material is as follows: first, cement, fly ash, and sand were mixed for a couple of minutes to get a uniform dry mix. Half portions of water, superplasticizer, and VMA were then added to the dry mixture and mixed for 2 min. Then, silica fume was added to the mix and mixed for another 2 min. The remaining half portions of the water, super plasticizer, and VMA were then mixed with the previous mix for 3 min. Last, polypropylene fibers were added to the mixture and mixed until a uniform mixture was obtained, and then cast into molds. The specimens were demolded after 24 h. After demolding, the specimens were cured in water chambers for 28 days. After 28 days, the specimens were considered ready for testing purposes.
Cubes with dimensions of 100 × 100 × 100 mm were cast and water cured for 28 days for each different types of sample. After 28 days curing, the test samples were dried to remove surface moisture. Then, the samples were ready for conducting the X-ray tomography-MicroCT test (used for porosity analysis). The same test procedure was followed for cementitious composite material, cement mortar, and concrete. At least four samples of each different type were manufactured and tested to report the mean values in this study.
Shock Test Setup and Pressure Calibration
The peak blast pressure wave obtained from an explosive charge was used per the guidelines of Federal Emergency Management Agency (FEMA) 426-Chapter 4 (FEMA 2003) by considering an automobile explosion where weapon yield (TNT) is 49.8 kg (110 lb) and the minimum stand-off distance is 3.6 m (12 ft).
Per FEMA 426 specifications, the region within the threshold of the failing concrete columns was chosen for testing the samples. The chosen peak pressure and decay time of the blast wave were imparted to the material using a shock tube apparatus. A schematic of a shock tube is presented in Fig. S1 , and it consists of a tube separated into two sections by means of a rigid metal diaphragm. One of these sections is then filled with high-pressure gas, and on surpassing the strength of the metal diaphragm, this barrier gives way and opens into the other section (driven), which is maintained at low pressure. The metal diaphragm has a cross-shaped groove machined into it to enable a clean rupture along those predetermined grooved lines, thus giving improved burst pressure consistency. Due to the sudden opening acting as a pressure impulse on the gas in the driven section, a shock wave is formed in the lowerpressure section of the shock tube. Thus, samples placed at the exit of the shock tube are subjected to an instantaneous rising pressure wave, termed a shock wave. In their routine use, shock tubes generate pressure pulses that hold the instantaneous pressure rise for a few ms before decaying. Because the aim is to use the shock tube to simulate an explosion where the pressure behind the shock wave starts decaying immediately (henceforth called a blast wave), there is a need to vary the length of the high-pressure (L 4 in Fig. S1 ) and low-pressure (L 1 in Fig. S1 ) sections to obtain the desired pressure. To obtain the FEMA-rated decay time, a long (L 1 in Fig. S1 ) driven section is used.
The vertical shock tube facility at the Laboratory for Hypersonic and Shockwave Research at the Indian Institute of Science, with the option to vary the section lengths of both the driver (700 mm) and driven sections (4,450 mm), was used for this study (shown in Fig. S2 ). The tube opened into a large tank that acted as a safety tank and noise attenuator. Helium was used as the driver gas because it can generate high pressures and avoid unwanted reflections (artifacts) before the loading is over. The sample [ Fig. S3(d) ] was sandwiched between the exit of the shock tube and a thick mild steel flange with an 80-mm-diameter opening at the bottom [ Fig. S3(c) ]. This was done with a view to obtain a "free" boundary condition at the central region of the bottom face of the 100-mm sample. Because the top face of the sample was held against the shock tube exit of 136 mm and the diagonal length of the sample face was ∼140 mm, practically the entire face of the sample [ Fig. S3(f) ] was exposed to the shock loading. The sides of the sample were left unrestrained; hence, the sides were a free boundary.
A calibration run was conducted with a blind flange keeping the exit of the shock tube closed with a view to measure the reflected shock pressure and decay time. The planarity of the wave was also verified by placing sensors at two different locations on the end plane. The pressure signals from the farthest sensor, located at 30 mm from the center, measure the blast pressure. Another sensor was placed at a distance of 50 mm upstream [shown in Figs. S3(b and e)] of the exit to measure the side-on pressures. This side-on measurement could be retained even with the sample loaded at the exit of the shock tube, thus providing a reference measurement against which all the experiments could be compared. The computed TNT equivalent for the surface blast was obtained as an equivalent of 38.2 kg (84.2 lb) TNT mass at 3.7 m (12.14 ft). This number also falls within the threshold of failing concrete columns according to FEMA guidelines.
MicroCT Investigations
As part of this manuscript, the estimation of capillary pores was done using MicroCT investigations (through a GEPhoenix, Vtomax S machine with capacity of 240 kV and 3 mA current; the applied voltage and current were 60 kV and 120 μA; the voxel size was selected to be 6.041 μm). The sample cubes prepared for mortar, concrete, and cementitious concrete were tested with MicroCT investigations before and after conducting shock load tests. Around 450 slices were taken in the MicroCT test (machine setup along with a sample are shown in Fig. S4 ) from the front side to the back side through the cubic specimen.
In the MicroCT machine, each image slice was digitized by a video card into 5,000 × 3,500 pixels with 256 gray levels and 96 pixels per inch for both vertical and horizontal directions. The gray-level images were converted to black and white (i.e., by image processing procedure) with a threshold value of 0.75 times the average gray threshold value of the images. The number of pores and their sizes were then determined.
Test Methodology
The test samples were sandwiched between the tube exit and bottom flange, and this arrangement was held together using four evenly spaced bolted fixtures [ Fig. S3(d) ]. All the bolts were torqued through the same number of rotations. The side-on pressure measurements carried out for the set of experiments on the cementitious composite are represented in Fig. 2(a) . Fig. 2(b) shows free field blast pressure (measured without the sample in place, but which is typically witnessed by the sample), which depends upon many factors, such as length of driven and driver tubes, type of gas used, diameter of the tube, and other such factors. Small variability (around 5%) was observed between the numerous shock runs, eventually resulting in an average burst pressure of around 59 bars. The side-on pressures are significantly less compared to the average burst pressure (59.3 AE 2.8 bar) experienced by the sample because side-on pressure measurement does not typically include the transmitted pressure due to the kinetic energy component. The reflected shock pressures were within AE3% scatter, and the impulse values had a scatter of AE4.5%.
MicroCT investigations were carried out to determine the internal porous microstructure of the samples. Pore volume percentage was plotted for all samples against different slices of the sample, as observed from the investigation. The porosity of the sample at each slice was calculated as pore area at one slice divided by the total area of the slice. Along with the two-dimensional (2D) porosity of different slices, pore size distribution was also evaluated prior to and after the test for the same samples. In this regard, with increasing pore volume and pore size distribution, the possibility of concrete degradation as a result of sulfate attack and chloride penetration is increased. Therefore, the durability of the sample is compromised provided there are more and larger pores in the sample material. Fig. 3 shows the porosity distribution versus slice number within the mortar sample. It can be observed from the best-fit curves (obtained with R 2 goodness of fit > 0.99) that the pore volume fraction (PVF) in the sample increased by a maximum of approximately 33% upon shock loading. The nature of the curves demonstrates larger pore volume approximately at the middle section compared to that at the sides. This trend is consistent for all different types of samples in this study and was observed in the MicroCT tests. The increase in PVF at the middle is primarily based on the physics of shock wave reflection from the free surface. Fig. 4(a) shows the schematic of the pressure wave through the sample at different time instants. As the shock wave is generated in a sample, a compressive wave travels down the sample until it reaches the opposite free surface, where it reflects back as rarefaction wave (having a tensile nature). The figures from AUTODYN simulations, shown in Fig. 4(b) , demonstrate the wave pattern as observed in the sample at different time instants. The boundary conditions, with an 80-mm opening (Fig. S3) at the bottom half, Fig. 2. (a) Side-on pressure measurements that were carried out when the sample was positioned at the end of the shock tube. A sample side-on signal for each material is shown for each sample; and (b) calibration run showing the reflected pressure that would be felt on the sample (termed blast pressure). The plots have been slightly offset in time to make the signal clear. Fig. 3 . Porosity versus slice number of mortar before and after applying blast load.
Results and Discussion
were recreated for the AUTODYN simulations. The surface blast loading for the computed TNT equivalent was input on the top face of the concrete block of 100 mm. Fig. 4(b) shows a series of contour plots showing the inception and propagation of the tensile wave on the bottom face of the sample. It may be seen that the center line is more prone to tensile failure when the 80 mm region on the bottom face of the cube is in the free-boundary condition. In this regard, it should be pointed out that it is well known from the literature that tension in a sample results in cavitation or void nucleation in solid materials (Cristiano et al. 2007; Dorfmann 2003; Gent and Lindley 1959; Neogi et al. 2018) . Therefore, it can be well expected that this tensile wave formed during shock loading of a material will result in void nucleation (cavitation) or an increase in the initial void volume fraction. The tensile strength of the materials being investigated in this study is weak for all the samples; the primary difference between them is tensile ductility. The generated tensile wave in the samples do not exceed the minimum peak tensile strength of the samples shown in Fig. 1 . How the tensile ductility of the samples influences void nucleation under shock loading is being investigated for various samples in this study.
As demonstrated in Fig. 3 , this rarefaction or tensile wave eventually results in an increase in the PVF, along with an increase in the average size of the pores. The maximum effect is typically observed approximately at the middle of the section, as can be expected from the AUTODYN simulation plots in Fig. 4(b) . Fig. 5 shows the distribution of pore size at maximum porosity for the mortar sample before and after shock loading. Before shock loading, the maximum number of pores was observed to be 20 micrometers, which was much higher than the pores of other radii. However, after shock loading, even though the maximum number of pores still remained at 20 micrometers, a significant increase could be observed for pores of higher radii. A decrease could also be observed for the 20-micrometer-radii pores, which indicates that the pore sizes increased on shock loading. On average, the average pore radius before shock loading was found to be 31 micrometers, whereas after shock loading, it was found to be 35 micrometers.
Porosity distribution versus slice number for M40 concrete is shown in Fig. 6 . Quite similar to the patterns observed for mortar, this figure also shows higher porosity distribution at the center of Fig. 4 . (a) Schematic drawing showing a shock wave impinging a free surface of the sample at different times, t 1 , t 2 , t 3 . The last time instant shows the reflected tensile wave and the incident shock wave giving rise to a complex wave, which has a mixture of both the compressive and tensile components; and (b) contour plots of pressure along the rear face and a face cut along the central plane, using simulation conducted in AUTODYN. the sample in comparison to that of the sides. Similar to the patterns observed in the case of mortar, it is also observed that there is an increase in the porosity distribution for the shock-loaded sample compared to that of sample prior to shock loading. The best-fit curve (obtained with R 2 goodness of fit > 0.96) shows an increase in maximum PVF of around 30% after shock loading of the sample in comparison to that of the initial sample prior to shock loading. This percentage increase is very close to the increase in the case of mortar. Fig. 7 shows that the distribution of pores based on its radius did not change much in comparison to that of the mortar samples. It is observed that the frequency of the 10-micrometer pores decreased with shock loading, and there were slight changes in the other pores of higher radii, resulting in a slight increase in average pore radius from 29.5 to 32.3 micrometers on shock loading. This slight increase in average pore radius of the concrete sample in comparison to the mortar sample might be due to the presence of coarse aggregates, which have significantly higher stiffness and strength compared to the mortar matrix.
The distribution of pores versus slice number for the cementitious composite material is shown in Fig. 8 . Similar to the control samples, the increase in the PVF was observed around the middle of the sample and samples after shock loading demonstrates higher PVF in comparison to that of the samples prior to shock loading. The best-fit curve (obtained with R 2 goodness of fit > 0.99) shows an increase in maximum PVF of around 45% after shock loading of the sample in comparison to that prior to application of load. One interesting pattern of porosity formation is observed from Fig. 9 . It can be observed that 10-micrometer pores increased on shock loading at the cost of higher-diameter pores. This indicates that larger pores broke up to form smaller pores. This phenomenon of breaking up of larger pores to produce smaller pores is different from the conglomeration of smaller pores to larger pores as observed in the control samples of mortar and concrete. However, because the larger pores (>40-micrometer radius) increased on shock loading, the average pore radius of the sample increased. The maximum pore size for these types of samples is much smaller (around a 50-micrometer radius) compared to that of the control samples of mortar and concrete (around a 120-micrometer radius). The main reason for this may be the increased tensile ductility of the cementitious composite material, which occurs in turn due to the presence of fibers and also the smaller size of the sand particles (<150 micrometers) in the mix, resulting in better binding compared to that of the control samples. It is well known that the fibers in cement mortar help in crack bridging (thereby resulting in increased tensile ductility), which is the main reason the 10-micrometer pore radius increased after shock loading at the cost of slightly higher pore radii (around 20 micrometers). On the other hand, the fibers are ineffective against larger pore radii sizes (>40 micrometers); therefore, we observed an increase in those radii on shock loading.
A comparison of the maximum PVF for three different types of samples considered in this study prior to shock loading shows that the initial maximum PVF is lower for the cementitious composite in comparison to the control samples of mortar and concrete, where the values are almost similar. This is quite expected because there is better packing of materials in the cementitious composites (having fibers as well as sand with very small sizes, <150 micrometers) compared to that of the control samples. Porosity is inversely related to strength, as pointed out by numerous studies. Therefore, greater porosity (or pore volume fraction) means a decrease in the capacity of the sample. The increase (expressed as percentage increase over existing peak PVF of the unshocked sample) in PVF was approximately 30% for the control samples of mortar and concrete, whereas it was around 45% for the cementitious composites. This higher increase in cementitious composite materials is primarily due to the absence of larger fine aggregates and coarse aggregates. However, the absolute values of pore volume fraction for these cementitious composite material after shock loading was significantly lower than those of the control samples of mortar and concrete. Therefore, because one considers the absolute value of PVF for strength calculations, it can be observed that cementitious composite material samples performed better than the cement mortar and the concrete sample. Also, the pore sizes for the cementitious material were significantly lower than those of the mortar and concrete material. In other words, the presence of fibers in the cementitious material resulted in an increase in tensile ductility (Deb et al. 2018 ), which in turn also helped in mitigation of the pore size increase on shock loading, as well as in lowering of the absolute value of the pore volume fraction in comparison to that of the control samples. In this regard, most of the empirical relations were developed between total pore volume fraction and strength; there does not exist any relationship between the pore size distribution and strength, which perhaps can, or rather should, be developed. An analogy regarding this can be drawn from that of cracks developed in cementitious samples with and without fiber reinforcements: Fig. 8 . Porosity versus slice number of M40 cementitious composite material before and after applying blast load. Fig. 9 . Pore size distribution of M40 cementitious composite material: (a) before applying blast load; and (b) after applying blast load.
if the total amount of crack volume is evaluated, then samples with fiber reinforcements may not be too different from samples without fiber reinforcements, but if one looks into the crack sizes, the samples without fiber reinforcements have significantly larger crack sizes than do samples with fiber reinforcements. A similar type of behavior, but with pore size, can be expected for these samples. However, because this study did not explicitly study the effect of pore volume fraction and pore size distribution on the mechanical response characteristics of the sample, no comment regarding this has been made, and it may be considered a potential area for future studies.
Conclusions
A study was conducted on three different types of cementitious materials-mortar, concrete, and cementitious composite (consisting of fibers and ultrafine sand) to determine the efficacy of the samples subjected to shock loads using a shock tube test setup. The efficacy of the samples against shock loads was determined through MicroCT scans, which showed the increase in pore volumes of the samples upon shock loading. The shock tube study revealed that the increase in pore volume fraction percentage before and after shock loading was highest for cementitious composite materials compared to the control samples of mortar and concrete, even though the absolute value of the pore volume fraction was significantly less for the cementitious composite sample compared to the control samples. Also, the size of the pores for the cementitious composite samples was significantly lower compared to those of the mortar and concrete samples after shock loading.
Because the porosity of a sample can be related to strength, the cementitious composite samples performed better in shock loading situations compared to the control samples. The reason for cementitious composite materials demonstrating better shock resistance is due to improvement in tensile ductility of the samples as a result of the fiber addition in the mix.
The current research demonstrated that cementitious composite samples (with fiber reinforcements, ultrafine sand, and no coarse aggregates) performed better in a shock-loading situation compared to control samples (cement mortar as well as conventional concrete). The research, through MicroCT investigations, demonstrated that not only should pore volume fraction be considered in expressions relating porosity to strength, but also that the size of the pores and their distribution should be considered. No specific empirical formulas have been developed, which is beyond the scope of this work and may be taken up for future work.
